Introduction
============

Lung cancer is the leading cause of cancer-related deaths worldwide[@B1]. Although chemotherapy constitutes a major part of the treatment program for patients with inoperable lung cancer, improvements in treatment efficacy, even with newly developed anticancer agents, have proven unsatisfactory, to date[@B2]. The development of drug resistance to these anticancer agents represents a major obstacle that needs to be overcome in order to improve the overall response to chemotherapy and the survival rate of lung cancer patients. To guide clinicians in selecting treatment options for patients with a high risk of relapse, reliable markers predictive of recurrence and poor clinical outcomes are desirable.

Docetaxel is one of the most active anticancer agents in the treatment of non-small cell lung cancer (NSCLC) and many other malignancies[@B3],[@B4]. Docetaxel is a microtubulin active drug that causes cancer cells to arrest at the G2-M cell cycle transition and ultimately to undergo apoptosis[@B5]. Although the anti-mitotic mechanisms of docetaxel are not fully understood, many studies have shown that docetaxel induces phosphorylation of anti-apoptotic Bcl-2, activation of mitogen-activated protein kinase, induction of pro-apoptotic cytokine genes, including the Fas/CD95 ligand and apoptosis-related proteins such as p53, p21/WAF-1, Bax, and certain caspases[@B6]-[@B11]. Iwao-Koizumi et al.[@B12] have reported that both gene expression patterns observed in breast cancer patients and *in vitro* transfection findings suggest that redox genes, such as those encoding peroxiredoxins, thioredoxins, and glutathione-S-transferase, play a major role in docetaxel resistance.

Peroxiredoxin 1 (Prx1) is an important member of the redox-regulating peroxiredoxin protein family whose level is frequently elevated in several human cancers[@B13]-[@B16], including lung cancer[@B17]-[@B19]. Accumulating evidence suggests that Prx1 is capable of promoting an aggressive survival phenotype of cancer cells and increasing their resistance to treatment. Elevated Prx1 expression has been correlated with resistance to docetaxel in breast cancer cells. In contrast, down-regulation of Prx1 has been shown to sensitize lung and intestinal cancer cells to radiation and to reduce metastasis[@B20]. Recent retrospective immunohistochemical studies have shown that elevated Prx1 is an independent prognostic factor for poor clinical outcome in lung cancer[@B21],[@B22]. These studies suggest the potential of Prx1 as a novel prognostic and therapeutic target. However, the effects of Prx1 expression in lung tumors, their influence on cancer therapy, and the regulatory basis for their expression in lung cancer are not clearly understood.

In the present study, we examined the effects of docetaxel on the growth of Prx1 knockdown A549 xenograft tumors, and further tested the role of Prx1 in predicting response to docetaxel treatment.

Materials and Methods
=====================

1. Materials
------------

Docetaxel (Taxotere), kindly provided by Aventis Pharma S.A. (Paris, France), was stored as a 100 mM solution in absolute ethanol at -80℃ and diluted with a medium before use. The following primary antibodies were used: caspase-8, -9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); serine/threonine protein kinase (Akt), phospho-Akt, phospho-FOXO1, glyceraldehyde-3-phosphate dehydrogenase (Cell Signaling Technology, Beverly, MA, USA); and Prx1 (Lab Frontier, Seoul, Korea). Anti-rabbit IgG-conjugated horseradish peroxidase (HRP) antibodies and enhanced chemiluminescent (ECL) kit were purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK).

2. Prx1 knockdown by short hairpin RNA (shRNA) in A549 cells
------------------------------------------------------------

NCI-A549 human lung cancer cells were obtained from the Korean Cell Line Bank (Seoul, Korea) and subjected to Prx1 knockdown. The pSilencer 5.1 system (Ambion, Austin, TX, USA) was used for the expression of Prx1-targeted shRNA. Sense and antisense oligonucelotide sequences targeting human Prx1, as well as a scrambled control, were described by Chhipa et al.[@B23]. The specificity of both shRNA sequences and the scrambled sequences was confirmed by searching the genome database (BLAST). Oligonucleotides were annealed and cloned into the pSilencer vector. Phoenix packaging cells were transfected with either Prx1-shRNA or scrambled-shRNA expression vector by using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). The culture supernatants were collected 48 hours after transfection and filtered. A549 cells were then infected with either Prx1-shRNA or scrambled-shRNA viral preparation in the presence of 4 µg/mL polybrene (Sigma, St. Louis, MO, USA). Cells expressing scrambled-shRNA or Prx1-shRNA constructs were designated as control or knockdown, respectively.

3. Tumor xenograft studies in nude mice
---------------------------------------

Five- to six-week-old BALB/c athymic nude mice (Charles River Japan) were housed in cages containing HEPA-filtered air (12-hour light/dark cycle) and had *ad libitum* access to food and autoclaved water. A549 cells (2×10^6^ scrambled-infected cells in groups 1 and 2, or 2×10^6^ shPrx1-infected cells in groups 3 and 4) were injected subcutaneously (s.c.) into both hind legs of each mouse. Mice were randomly assigned to 4 experimental groups of 7 animals each when implanted tumors reached a volume of 90-130 mm^3^. Mice in groups 1 and 3 received human IgG treatment and they were designated as controls for groups 2 and 4, respectively. Mice in groups 2 and 4 received docetaxel treatment at 20 mg/kg, intraperitoneally (i.p.), once a week. The length (L) and width (W) of the tumor mass were measured 3 times per week. Tumor volume was estimated using the formula: volume=L×W^2^/2. All procedures were carried out in accordance with our institutional animal care and use policies.

4. Western blotting
-------------------

Cells were harvested and lysed using the radioimmunoprecipitation assay buffer (50 mM Tris-Cl \[pH, 7.4\], 1% NP40, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 µg/mL each of aprotinin and leupeptin, and 1 mM Na~3~VO~4~). After centrifugation at 12,000 ×g for 30 minutes, the supernatant was collected, and the protein concentration was determined by the Lowry method[@B24]. Equal amounts of protein were separated on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels under reduced conditions and subsequently transferred to nitrocellulose membranes. Membranes were blocked in 5% skim milk in TBS-T (25 mM Tris \[pH, 7.6\], 138 mM NaCl, and 0.05% Tween-20) for 1 hour and probed with primary antibodies (at 1:1,000-1:5,000 dilution). After a series of washes, the membranes were further incubated with secondary antibody (at 1:2,000-1:10,000 dilution) conjugated to HRP. Detection of the immunoreactive signal was facilitated using an ECL detection system (Amersham Co.).

5. Reverse transcription polymerase chain reaction (RT-PCR) analysis
--------------------------------------------------------------------

The efficiency of shRNA transfection was verified using RT-PCR for TARIL and FasL. After extracting total RNA from the cells by using Trizol (Invitrogen) according to the manufacturer\'s protocol, single-stranded cDNA was synthesized using RNA as the template. PCR with Taq DNA polymerase (Takara, Takara Shuzo, Kyoto, Japan) was then performed for 25 cycles using the following protocol: 95℃ for 10 minutes, 95℃ for 1 minute, 57℃ for 1 minute, and 72℃ for 1 minute. The sequences of primers used for PCR amplification were as follows: TRAIL (forward, 5\'-CAA CTC CGT CAG CTC GTT AGA AAG-3\'; reverse, 5\'-TTA GAC CAA CAA CTA TTT CTA GCA CT-3\'); FasL (forward, 5\'-GGA TTG GGC CTG GGG ATG TTT CA-3\'; reverse, 5\'-TTG TGG CTC AGG GGC AGG TTG TTG-3\'); β-actin (forward, 5\'-GGC GGC ACC ACC ATG TAC CCT-3\'; reverse, 5\'-AGG GGC CGG ACT CGT CAT ACT-3\').

6. Patient selection
--------------------

We enrolled 24 consecutive patients with histologically confirmed NSCLC and available tumor material for molecular analysis. Furthermore, these patients were treated with docetaxel-cisplatin regimens as first-line treatment at the Wonkwang University Hospital between January 2009 and December 2010. The study was conducted using an institutional review board (IRB) approved protocol and written informed consent was received from each patient.

7. Specimen preparation and immunohistochemistry
------------------------------------------------

Tissue specimens obtained from diagnostic or therapeutic procedures were fixed in neutral buffered formalin (10% v/v formalin in water, pH 7.4) and embedded in paraffin wax. Serial sections of 4-µm thickness were cut and mounted on charged glass slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA, USA). In brief, for Prx1, sections were microwaved twice for 10 minutes in citrate buffer (pH 6.0) for antigen retrieval. The sections were then treated with 3% hydrogen peroxide in methanol to quench the endogenous peroxidase activity followed by incubation with 1% bovine serum albumin to block nonspecific binding. A rabbit polyclonal antibody against Prx1 (Lab Frontier) was used at a dilution of 1:2,000. The avidin-biotin detection method was used on a Ventana Automated System (Ventana Medical Systems, Oro Valley, AZ, USA). An irrelevant rabbit antiserum served as a negative control.

8. Assessment of immunostaining and statistical analysis
--------------------------------------------------------

Each slide was evaluated for Prx1 immunoreactivity by using a semiquantitative scoring system for both the intensity of the stain and the percentage of positive malignant cells. Prx1 immunoreactivity was observed primarily in the cytosol, although focal nuclear expression of Prx1 was noted in some malignant cells. The intensity of cytosolic Prx1 was coded as follows: 0, lower than the adjacent normal-appearing bronchial epithelium; 1, similar to the adjacent bronchial epithelium; 2, stronger than the adjacent bronchial epithelium. The percentage of cells displaying a stronger staining intensity than the adjacent bronchial epithelium was scored as 1 (0-24% tumor cells stained); 2 (25-49% tumor cells stained); 3 (50-74% tumor cells stained); and 4 (75-100% tumor cells stained). For statistical analysis, the median of this series (25% of malignant cells showing a stronger intensity than adjacent bronchial epithelium) was used as a cutoff value to distinguish tumors with a low (\<25%) or high (≥25%) level of Prx1 expression. The association between staining index and other categorical factors potentially predictive of prognosis was analyzed using the Pearson\'s χ^2^ test of independence. Median progression-free survival (PFS) was measured from the date of first-line therapy initiation to the first radiographic documentation of disease progression or death. Association between Prx1 and PFS was examined using Cox proportional hazards regression models; we report hazard ratio estimates and their 95% confidence intervals (CIs). Data were analyzed using SPSS version 15 (SPSS Inc., Chicago, IL, USA) and MedCalc version 7.5 (MedCalc Software, Mariakerke, Belgium). Statistical significance was defined as p\<0.05.

Results
=======

1. Prx1 knockdown augments the inhibitory effects of docetaxel on tumor growth
------------------------------------------------------------------------------

We investigated the effects of docetaxel on the growth of scrambled- and shPrx1-infected A549 xenograft tumors in athymic nude mice. We selected 28 mice with similar tumor volumes (90-130 mm^3^) and analyzed the effects of docetaxel (at 20 mg/kg, i.p., once per week) on tumor growth in mice bearing scrambled- or shPrx1-infected A549 xenograft tumors. Weekly treatment with 20 mg/kg docetaxel did not result in significant toxicity, including weight loss and mortality, in any of the mice (data not shown). With time, scramble-infected A549 control tumors continued to grow, whereas the growth of shPrx1-infected tumors was significantly inhibited, reaching only 45% of the volume of scrambled-infected control tumors. Moreover, compared with other groups, mice bearing shPrx1-infected tumor xenografts showed significantly reduced tumor volume (290.5±54.3 mm^3^) following docetaxel treatment ([Figure 1](#F1){ref-type="fig"}).

2. Prx1 knockdown suppresses docetaxel-induced apoptosis in A549 xenograft tumors
---------------------------------------------------------------------------------

To test whether the observed growth inhibition was due to a caspase-dependent apoptosis pathway, tissues were evaluated by immunoblotting. [Figure 2](#F2){ref-type="fig"} shows that Prx1 knockdown increased cleaved caspase-8 in the control and docetaxel treatment groups compared to scramble tumors. Moreover, although cleaved caspase-9 was not detected in the scramble control group, cleaved caspase-9 was found in shPrx1-infected xenograft tumors. In addition, docetaxel treatment in shPrx1-infected xenograft tumors resulted in increased protein. These findings suggest that Prx1 knockdown suppresses docetaxel-induced apoptosis through a caspase cascade in A549 xenograft tumors.

3. Prx1 knockdown suppresses docetaxel-induced Akt-FOXO1 signaling pathways in A549 xenograft tumors
----------------------------------------------------------------------------------------------------

Previously, we demonstrated that phosphorylated Akt and one of its major substrates FOXO1 were increased in a time-dependent manner in scrambled infected A549 cells in vitro. We next tested reproducibility on the A549 xenograft tumors. As shown in [Figure 3](#F3){ref-type="fig"}, phosphorylated Akt was shown in scrambled-infected xenograft tumors as like scrambled-infected cells. In addition, phosphorylated FOXO1 was shown in docetaxel treatment groups in scrambled-infected xenograft tumors. On the other hand, Prx knockdown completely suppressed the Akt-FOXO1 axis in shPrx1-infected xenograft tumors.

4. Effects of Prx1 knockdown on docetaxel-induced death receptors in A549 xenograft tumors
------------------------------------------------------------------------------------------

Phosphorylation of FOXO by Akt triggers rapid relocalization of FOXO proteins from the nucleus to the cytoplasm and results in the inhibition of FOXO-dependent transcription of its target genes such as FasL and TRAIL[@B25],[@B26]. Therefore, we tested TRAIL and FasL mRNA levels in A549 xenograft tumors by using RT-PCR. [Figure 4](#F4){ref-type="fig"} shows that docetaxel treatment in shPrx1-infected xenograft tumors increased mRNA levels of TRAIL. These findings suggest that Prx1 knockdown suppresses Akt-FOXO1 signaling pathway as activated FOXO1 induced TRAIL, but not FasL.

5. A high level of Prx1 expression does not correlate with reduced PFS
----------------------------------------------------------------------

We next examined whether Prx1 expression correlates with PFS for response to docetaxel treatment. Clinical data and representative samples were collected from 24 consecutive patients treated with docetaxel-cisplatin regimens as first-line treatment in our center. Patient characteristics were typical for NSCLC and are summarized in [Table 1](#T1){ref-type="table"}. A log-rank statistic was used to determine significance. The median PFS of patients with low Prx1 expression was 7 months (95% CI, 6.0-7.7), whereas the median PFS of patients with high Prx1 expression was 4 months (95% CI, 4.0-5.0). However, high Prx1 expression did not correlate with PFS (p=0.114) ([Figure 5](#F5){ref-type="fig"}).

Discussion
==========

Improving the efficacy of docetaxel by inhibiting pro-survival pathways or enhancing docetaxel effects on apoptosis has implications for treatment of lung cancer[@B27]. We have reported that Prx1 modulates the chemosensitivity of lung cancer cells to docetaxel through suppression of FOXO1-induced apoptosis. In the present study, we show that elevated Prx1 provides resistance to docetaxel treatment through suppression of FOXO1-induced apoptosis in A549 xenograft tumors, but may not be related with predictive significance for response to docetaxel treatment.

Resistance to docetaxel may result from interference with the steps leading to the induction of apoptosis. These include modulation of β-tubulin isoforms[@B28], upregulation of the cell cycle regulatory protein p21[@B29], inhibition of the proapoptotic protein BAD, and upregulation of prosurvival pathways involving Bcl-2 and phosphatidylinositol 3-kinase[@B30]. To the best of our knowledge, this is the first study to identify Prx1 as an important mediator of resistance to docetaxel-induced apoptosis in lung cancer. The present studies may provide valuable insights into the basis for sensitivity or resistance of lung cancer to docetaxel.

Prx1 interacts with and modulates the activities of cell survival regulatory proteins to increase radioresistance[@B18]. The Akt pathway may promote tumor cell survival by suppressing cell death induced by a number of apoptotic stimuli, including chemotherapeutic agents. Activation of Akt is a frequently observed phenomenon following treatment with docetaxel[@B31],[@B32]. Therefore, activation of Akt by docetaxel may account for desensitization to docetaxel in scrambled-infected A549 xenograft xenograft tumors. Many studies have shown that Akt directly phosphorylates FOXO transcription factors[@B33],[@B34], and the mechanisms through which Akt regulates FOXO transcription factors have been previously elucidated[@B35]. Phosphorylation of FOXO by Akt triggers rapid relocalization of FOXO proteins from the nucleus to the cytoplasm leading to inhibition of FOXO-dependent transcription of its target genes such as FasL and TRAIL[@B26],[@B36],[@B37]. We have found that A549 xenograft tumors express FOXO1, but not other members of the FOXO family (data not shown). We thus examined the effects of docetaxel on phosphorylation of Akt and FOXO1. Our results demonstrated that docetaxel caused an increase in the phosphorylation of both Akt and FOXO1 in scrambled-infected A549 xenograft tumors, whereas Prx1 knockdown suppressed docetaxel-induced phosphorylation of both these proteins. These findings suggest that neutralization of Prx1 modifies the Akt-FOXO1 axis, increasing the death receptor-mediated extrinsic apoptosis pathway and caspase-8 activation.

Although the investigation of Prx1 function in cultured cells and animal systems indicates its cell survival enhancing properties, no research has previously been undertaken to evaluate the prognostic value of Prx1 in lung cancer. We have determined whether the Prx1 expression correlates with PFS for response to docetaxel treatment. However, a higher pretreatment Prx1 level did not correlate with PFS. The main limitation of the present study is that this is a retrospective study with comparatively small size, and further research that examines a larger group of patients is warranted. Another limitation is that since patients were treated with docetaxel-cisplatin regimens, we cannot exclude the possibility of cisplatin-mediated effects.

In summary, our results show that elevated Prx1 provides resistance to docetaxel treatment through suppression of FOXO1-induced apoptosis in A549 xenograft tumors, but may not be related with predictive significance for response to docetaxel treatment. Therefore, Prx1 may be an attractive target in the development of more effective docetaxel-based therapies in lung cancer treatment.
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![Peroxiredoxin 1 (Prx1) knockdown inhibited the growth of A549 tumors in docetaxel-treated mice. Athymic nude mice were injected subcutaneously with 2×10^6^ scrambled- or shPrx1-infected A549 cells (0.2 mL cell suspension) in both hind legs. The mice were randomly divided into 4 groups of 7 animals each: group 1, mice bearing scrambled-infected tumors and receiving human IgG treatment, serving as control for group 2; group 2, mice bearing scrambled-infected tumors and receiving docetaxel treatment at 20 mg/kg, intraperitoneally, once a week; group 3, mice bearing shPrx1-infected tumors and receiving human IgG treatment, serving as control for group 4; and group 4, mice bearing shPrx1-infected tumors and receiving docetaxel treatment at 20 mg/kg, i.p., once a week. Tumors were measured 3 times per week. Tumor volume was estimated using the formula: volume=L×W^2^/2. Points, mean of 7 animals; bars, standard deviation.](trd-75-59-g001){#F1}

![Peroxiredoxin 1 (Prx1) knockdown suppressed docetaxel-induced apoptosis in A549 xenograft tumors. Tumors were analyzed for apoptotic proteins by using immunoblot assay. Cell lysates were subjected to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis to measure the expression of caspase-8, -9, and Prx1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the protein loading control.](trd-75-59-g002){#F2}

![Peroxiredoxin 1 (Prx1) knockdown suppressed docetaxel-induced Akt-FOXO1 pathways in A549 xenograft tumors. Tumors were analyzed for Akt-FOXO1 proteins by using the immunoblot assay. Cell lysates were subjected to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis to measure the expression of phosphorylated Akt and FOXO1. The same membrane used for anti-phospho antibody staining was stripped and used again with antibody for total Akt. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the protein loading control.](trd-75-59-g003){#F3}

![Peroxiredoxin 1 (Prx1) knockdown activated FOXO1 induced TRAIL, but not FasL. Tumors were analyzed for death receptors by using reverse transcription polymerase chain reaction (RT-PCR), which was performed to amplify the TRAIL and FasL genes as described in Materials and Methods. Equal mRNA and protein loading were confirmed using β-actin. RT-PCR data are representative of at least 2 independent experiments.](trd-75-59-g004){#F4}

![High peroxiredoxin 1 (Prx1) expression did not correlate with progression-free survival (PFS). (A) Immunohistochemical expression of Prx1 in non-small cell lung carcinoma. Typical immunohistological features with high levels of Prx1 expression in squamous cell carcinoma and adenocarcinoma (×200). The Prx1 staining was primarily present in the cytoplasm of tumor cells. Focal nuclear staining was observed in some malignant cells. (B) PFS determined using Kaplan-Meier survival analysis. The p-value was determined from a log-rank test of the difference.](trd-75-59-g005){#F5}
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